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Abstract
A combination of spectroscopy and DFT calculations has been used to evaluate the pH effect at the
CuZ site in Pseudomonas nautica (Pn) N2OR and Achromobacter cycloclastes (Ac) N2OR and its
relevance to catalysis. Absorption, MCD, EPR with sulfur K-edge XAS spectra of the enzymes at
high and low pH show minor changes. However, resonance Raman (rR) spectroscopy of PnN2OR
at high pH shows that the 415 cm−1 Cu-S vibration (observed at low pH) shifts to higher frequency,
loses intensity and obtains a 9 cm−1 18O shift, implying significant Cu-O character, demonstrating
the presence of a OH− ligand at the CuICuIV edge. From DFT calculations both protonation of the
OH− to H2O or the μ4-S2− to μ4-SH− would produce large spectral changes which are not observed.
Alternatively, DFT calculations including a lysine residue at an H-bonding distance from the
CuICuIV edge ligand show that the position of the OH− ligand depends on the protonation state of
the lysine. This would change the coupling of the Cu-(OH) stretch with the Cu-S stretch, as observed
in the rR spectrum. Thus the observed pH effect (pKa ~9.2) likely reflects protonation equilibrium
of the lysine residue which would both raise E0 and provide a proton for lowering the barrier for the
N-O cleavage and for reduction of the [Cu4S(im)7OH]2+ to the fully reduced 4CuI active form for
turnover.
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1. INTRODUCTION
N2O is reduced by two electrons by the enzyme Nitrous oxide Reductase (N2OR), in the last
step of the bacterial denitrification cycle (N2O + 2H+ + 2e− → N2 + H2O).1,2 N2ORs from
various organisms have been isolated aerobically and anaerobically since 1982, however, only
recently crystal structures of the enzyme (isolated under aerobic conditions) from three species,
Pseudomonas nautica (Pn), Paracoccus denitrificans (Pd) and Achromobacter cycloclastes
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(Ac), have been reported.3–7 N2OR is a homodimeric enzyme, with each subunit containing
an electron-transferring CuA site in the C terminal domain,8–11 and a catalytic CuZ site in the
N terminal domain.12 The CuA-CuZ distance within a monomer is ~40 Å, however the
intermonomeric CuA-CuZ distance is ~10 Å,3,6,13 which is within the range for efficient
electron transfer (ET) in a protein, thus suggesting the requirement for dimerization. The
CuA site in N2OR has a structure closely similar to that of the CuA site in the cytochrome
oxidases.10,14–18 The CuZ site has a unique structural motif, consisting of a μ4-sulfide bridged
tetranuclear Cu cluster. There are seven histidine ligands coordinated to the CuZ site (two
ligated each to CuI,II,III and one to CuIV), and a water derived ligand at the CuICuIV edge,
which is the proposed substrate binding site (Figure 1A).3,6 The crystal structure of AcN2OR
shows the presence of two oxygen atoms (ascribed to a OH− near CuI and a H2O near CuIV)
at the substrate binding site (Figure 1B).7,19
N2OR can be isolated in different redox states depending on whether it is isolated aerobically
or anaerobically, and much spectroscopic data on the CuZ site have been published.5,12,20–
24 The aerobically isolated form of N2OR studied by crystallography has been
spectroscopically characterized, and found to contain CuZ in the 1CuII/3CuI redox state with
a total spin of ½.25,26 EPR data and density functional theory (DFT) calculations show that
the unpaired electron is delocalized between two or more Cu atoms and the μ4-sulfide,
indicating that CuZ is a mixed-valence system.27–29
Recently, we have shown that the CuZ cluster can be further reduced to the 4CuI form, on
prolonged incubation with reduced methyl-viologen (MV).30 This 4CuI form of the cluster
has been determined to be the catalytically active form involved in N2O reduction, which has
been supported by Dooley and co-workers.31 DFT calculations indicate that the binding energy
of N2O to the 4CuI form of CuZ is higher than the resting 1CuII/3CuI redox form due to
enhanced back-donation from the fully reduced CuZ cluster to the bent μ-1,3 bridged N2O
ligand. Recently, a detailed mechanism for N2O reduction by the CuZ site has been developed
using DFT calculations coupled to these data.32 These calculations suggest the possibility of
a direct cleavage of the N-O bond in the CuZ-N2O complex because of the low reaction barrier
(18 kcal mol−1), associated with stabilization of the transition state by a strong CuIV2+-O−
bond. The two copper atoms (CuI and CuIV) at the ligand binding site of the cluster play a
crucial role in the reaction, as these Cu atoms are directly involved in N2O binding, bending
the ligand to a configuration (N-N-O angle =~139°) that resembles the transition state, and
contributing the 2 electrons needed for N2O reduction. The other atoms of the CuZ cluster
maintain the needed structural motif and make CuI and CuIV better electron donors to enhance
the back-bonding required for N2O activation.32
Despite crystallographic, spectroscopic and computational studies on the CuZ, the nature of
the CuICuIV edge ligand still remains ambiguous. In addition, the sulfide protonation of the
cluster has not been experimentally evaluated. Past studies have defined the pH dependence
of N2OR activity, with an optimum activity in the range of pH 8–9.5 depending on the enzyme
source.33–35 This could be attributed to a protonation equilibrium of the CuICuIV edge ligand,
or a nearby residue involved in the rate determining step, or the μ4-sulfide, or all three.
In this study we have used absorption, MCD, resonance Raman (rR), EPR and S K-edge
spectroscopy to evaluate the effect of pH on the geometric and electronic structure of the
CuZ clusters of PnN2OR and AcN2OR. A large change in the rR spectrum is observed with a
pKa of ~9.2. Spectroscopic studies have then been performed at a lower pH (6–7) and higher
pH (10.5) to study the pure species present as an equal mixture at this pKa.36 We then use
DFT calculations to analyze these results and elucidate the nature of the CuICuIV edge ligand.
We have also computationally evaluated the various protonation states of the edge ligand, the
μ4-sulfide and a nearby lysine residue. The pH dependence of kinetics of the reduction of the
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CuZ cluster has been determined to gain insight into the contributions of the protonation
equilibrium towards reactivity.
2. EXPERIMENTAL METHODS
Materials
All reagents were of the highest grade commercially available and were used without further
purification. PnN2OR was aerobically isolated and purified in Tris buffer, as previously
reported, and details of AcN2OR expression and anaerobic purification will be reported
elsewhere. The enzymes were exchanged to deuterated buffers at different pHs for
spectroscopic and kinetic studies. Enzymatic activities and copper and sulfur contents were
characterized as previously reported.4,5,30,31 Excess dithionite solution was added to reduce
the CuA center to make it spectroscopically silent (inferred from EPR and absorption spectra),
while the oxidation state of the CuZ site remained unchanged. Excess ascorbate solution with
prolonged incubation was used to reduce the CuA site (inferred from EPR and absorption
spectra) of the S K-edge XAS samples to avoid interfering sulfur signals from dithionite.
Specific activities of the enzymes were measured by pre-incubating the enzyme with excess
dithionite-reduced MV.30,31 Glassed samples for MCD experiments were prepared by adding
50% (v/v) buffer/glycerol-(OD)3. Addition of glycerol had no effect on the CD/EPR spectra
of the enzymes. Epsilon values (per dimer, containing two CuZ centers) reported have been
estimated by EPR spin quantification. H218O (95–97% purity) was purchased from Cambridge
Isotopes. Approximate concentrations of samples used for spectroscopy was 0.5 mM.
Spectroscopic Studies
Low-temperature absorption measurements were performed on a double beam
spectrophotometer (Cary 500) using a liquid helium cryostat (Janis Research Super Vari-
Temp). MCD data were collected on CD spectro-polarimeters (JASCO J810 with a S20 PM
tube for the UV/Vis region, and J200 with an InSb detector for the near-IR region) with sample
compartments modified to accommodate magnetocryostats (Oxford Instruments, SM4-7T).
EPR spectra were obtained using a Bruker EMX spectrometer, ER 041 XG microwave bridge,
and ER 4102ST cavity. All X band samples were run at 77 K in a liquid nitrogen finger dewar.
A Cu standard (1.0 mM CuSO4.5H2O with 2 mM HCl and 2 M NaClO4) was used for spin
quantitation of the EPR spectra. Q band spectra were obtained at 77 K using an ER 051 QR
microwave bridge, an ER 5106QT resonator, and an Oxford continuous flow CF935 cryostat.
EPR spectra were baseline-corrected and simulated using XSophe (Bruker). For a given
enzyme, X and Q band spectra were simultaneously fit in order to constrain the simulation
parameters (g values were obtained from Q band and hyperfine constants from X band EPR).
rR spectra were obtained using a series of lines from Kr+ (Coherent 190CK) and Ar+ (Coherent
Sabre 25/7) ion lasers with incident power ranging from 10 to 50 mW in an ~135°
backscattering configuration. Dye (Rhodamine 6G, Coherent 599) and Ti-Sapphire (Coherent
890) lasers were used for other spectral regions. Scattered light was dispersed through a triple
monochromator (Spex 1877 CP, with 1200, 1800, and 2400 groove mm−1 gratings) and
detected with a back-illuminated CCD camera (Princeton Instruments ST-135). Samples
contained in NMR tubes were immersed in a liquid nitrogen finger dewar. Raman peak
intensities were referenced to the ice peak at ~230 cm−1 for rR excitation profiles. Background
spectra of charcoal in the same NMR tube were subtracted to remove the quartz scattering.
Sulfur K-edge data were measured at the Stanford Synchrotron Radiation Laboratory under
ring conditions of 3.0 GeV and 60–100 mA, using the 54-pole wiggler beam line 6-2 in high
magnetic field mode of 10 kG with a Ni-coated harmonic rejection mirror and fully tuned Si
(111) double crystal monochromator. Details of the optimization of this setup for low-energy
studies have been described previously.37 Protein samples were loaded in an inert atmosphere
glove box and were immediately transferred to a helium purged sample space. Protein solutions
Ghosh et al. Page 3
J Am Chem Soc. Author manuscript; available in PMC 2008 December 8.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
were loaded via syringe into a Pt-coated Al block sample holder with a 6.35-μm-thick
polypropylene window. S K-edge measurements were made at ~4 °C. The data were measured
as fluorescence excitation spectra utilizing an ionization chamber as a fluorescence detector.
The energy was calibrated using the S K-edge spectrum of Na2S2O3·5H2O, run at intervals
between sample scans. The maximum of the first pre-edge feature in the spectrum was fixed
at 2472.02 eV. A step size of 0.08 eV was used over the edge region. Data were averaged, and
a smooth background was removed from all spectra by fitting a polynomial to the pre-edge
region and subtracting this polynomial from the entire spectrum. Normalization of the data was
accomplished by fitting a flattened polynomial or straight line to the post-edge region and
normalizing the edge jump to 1.0 at 2490 eV.
Kinetic Studies
PnN2OR (0.5mM) was buffer exchanged to different pHs and incubated with 500-fold excess
of dithionite-reduced MV (250mM). Then the loss of one-hole CuZ EPR signal intensity was
measured at different time intervals, normalized with respect to the spectrum of the dithionite-
reduced sample collected at time = 0 min. The temperature for the kinetic measurements was
25°C.
Computational Details
The CuZ active site has been modeled as previously described (Figure S1 A,B). In order to
probe the influence of the deprotonated/proponated lysine residue near the CuICuIV edge of
the CuZ cluster, the molecular model in this work has been extended to include the lysine and
phenylalanine residues (Figure S1 C,D). The total number of atoms in these extended
simulations was 127–129 (64 heavy atoms). The Cβ and Cγ atoms of the lysine residue and the
carbon atoms of the phenylalanine residue were kept fixed during the geometry optimizations.
The 6-311++G** basis set was used for the atoms of the active center (Cu4SN7), the edge
ligands and the lysine –NH2/NH3+ group and the 6-31G* basis set was used for the other atoms.
The 6-311++G** basis set is necessary for accurate modeling of the CuZ cluster through the
minimization of basis set superposition error effects both for energy and geometry-optimization
results.
DFT calculations have been performed using the Gaussian 03 program.38 Spin-unrestricted
DFT was employed to model the open-shell species. Optimized molecular geometries were
calculated using the hybrid B3LYP exchange-correlation functional39,40,41 with tight SCF
convergence criteria (10−8 a.u.). Wave function stability calculations were performed to
confirm that the calculated wave functions corresponded to the ground state. Frequency
calculations were performed to ensure that the stationary points were minima and to calculate
vibrational spectra. Time-dependent DFT (TD-DFT) was used to calculate the energies and
intensities of the 40 lowest-energy, spin-allowed electronic transitions. The calculated
absorption energies and intensities were transformed with the SWizard program42 into
simulated spectra as described before, 43 using Gaussians with half-widths (Δ1/2) of 3000
cm−1.
Atomic charges and spin densities were calculated using the natural population analysis (NPA)
44 as implemented in Gaussian 03. The Mayer bond orders (BOs) were obtained to analyze
covalent contributions to chemical bonding between the molecular fragments.45,46 The bond
order contributions from α- and β-spin molecular orbitals (BOα and BOβ, respectively) and
atomic indices were calculated using the AOMix-L program47 and used in the analysis of
chemical bonding. These calculations (the bond order analysis and the calculation of atomic
valence indices) were performed using TZVP48 on the Cu4S cluster, the edge ligands and the
lysine –NH2/NH3+ group, and 6-31G* on the other atoms.
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3. RESULTS AND ANALYSIS
3.1. Spectroscopy
3.1.1. Absorption and MCD—The absorption and MCD spectra of the dithionite reduced
(i.e. CuA reduced and CuZ in the 1CuII/3CuI redox state) samples of PnN2OR (pH 10.5) and
AcN2OR at pH 6 and 10.5 are presented in Figure 2. Both the absorption and MCD spectra
have intense S-Cu charge transfer (CT) bands at around 15600 cm−1 (640 nm), giving CuZ its
characteristic blue color. The MCD spectrum of these enzymes also has an intense derivative
shaped pseudo-A type signal in the S-Cu CT region. The absorption and MCD spectra of
CuA-reduced PnN2OR at pH 7 reported previously26 (Figure S4A,B adapted from Ref. 26)
have been simultaneously fit with thirteen bands (Table 1). Bands 1, 3, 4 and 8 were assigned
as Cu d-d transitions, band 2 as inter-valence transition (IT), bands 5–7 the S-Cu CT transitions,
and bands 9–13 the Histidine to Cu CT transitions. The orientations of the non-primed and
primed axes systems in Table 1 are shown in Figure S2 and the details of these assignments
are presented in Ref. 26.
The absorption and MCD spectra of the anaerobically isolated AcN2OR reduced with dithionite
(i.e. CuA reduced and CuZ in the 1CuII/3CuI form) at pH 6 are shown in Figure 2C, D.
Simultaneous Gaussian fitting of the absorption and MCD spectra also give thirteen bands,
which can be assigned in parallel with those of PnN2OR. The spectra of PnN2OR and
AcN2OR look very similar, but have some quantitative differences. In general, all the bands
in AcN2OR are blue shifted (Table 1). There is also intensity redistribution in the S-Cu CT
bands in the absorption spectra of the two enzymes (Figures S4A and 2C), with band 5 being
the most intense in AcN2OR compared to band 6 in PnN2OR. This is also reflected in the rR
profiles (vide infra) and MCD spectra (Figures S4B and 2D), where the negative pseudo-A
signal (band 5) is more intense in AcN2OR than in PnN2OR. Similar spectral differences can
also be observed between the two enzymes at high pHs (Figure 2A, B, E, F). These reflect
quantitative differences in S 3p contributions to the β-LUMO of the CuZ cluster in the two
enzymes (see Discussion Section).
At high pH the absorption and MCD spectra of PnN2OR (Figure 2 C, D) and AcN2OR (Figure
2 E, F) show similar shapes and energy positions of the bands relative to the spectra at low pH,
with minor perturbations in the higher energy Histidine to Cu CT region (band 9–13), indicating
that the electronic structure of the CuZ cluster is not greatly perturbed on going from low to
high pH for either enzyme.49
3.1.2. EPR—Figure 3 shows the Q and X band EPR spectra of dithionite reduced (i.e. CuA
reduced) samples of PnN2OR (pH 10.5) and AcN2OR (pH 6, 10.5). The g values of the enzymes
have been extracted from Q band EPR data, which give the g// value and show that the CuZ
cluster has an axial EPR signal with g// >g⊥ > 2.003 reflecting a dx2-y2 ground state.
At pH 7, PnN2OR has a g// value of 2.158 and g⊥ of 2.045 (Figure S5).26 At pH 6, AcN2OR
has a g// value of 2.142 and g⊥ of 2.035 (Figure 3C, D, Table 2). Accurate g values obtained
from Q band EPR spectra have then been correlated to the X band spectra. The g// values of
both PnN2OR and AcN2OR map onto a hyperfine feature. Since the electron spin coupling to
one Cu would lead to a g// positioned between the Ms = +1/2 and −1/2 hyperfine lines, at least
two Cu atoms were required to account for the metal hyperfine splitting in the X band spectrum
of both PnN2OR and AcN2OR. The results of the simulations (Table 2) show that PnN2OR
has A// of 61×10−4 cm−1 on one Cu and 23×10−4 cm−1 on the second Cu, indicating that the
spin distribution on the two Cu atoms is in the ratio of 5:2, as published previously.25 For
AcN2OR, A// values of 64×10−4 cm−1 and 41×10−4 cm−1 were obtained, indicating that the
unpaired electron is distributed over two Cu atoms in the ratio of ~3:2. Simulation using three
Cu atoms did not improve the goodness of fit.
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The EPR spectra of both PnN2OR and AcN2OR do not change significantly on increasing the
pH to 10.5 (Figure 3). The g// values remain almost the same while the A// values decrease by
4–8×10−4 cm−1 for the Cu atom with dominant A// contribution (Table 2). This implies that
the spin density (SD) distribution is only slightly perturbed by changing the pH. This will be
addressed in the Section 3.2.
3.1.3. Resonance Raman
(a) Vibrations: The rR spectra of PnN2OR excited at 600 nm, and AcN2OR excited at 620
nm at low and high pH in both 16O and isotope enriched 18O (95–97%) buffers are presented
in Figure 4. PnN2OR at pH 7 has three dominant peaks at 366, 386 and 415 cm−1 (Figure 4A).
Previous studies showed that these peaks shift to lower frequencies upon 34S substitution.20
Based on these isotope shifts, the vibrational frequencies and the excitation profiles, these rR
features have been assigned as Cu-S stretching vibrations.26 The 18O samples of PnN2OR at
the same pH showed no measurable shift in the energy positions of the three peaks, consistent
with the assignment of these modes as having dominantly Cu-S character.
AcN2OR at pH 7, also has three similar features at 366, 385 and 415 cm−1 (Figure 4B)
indicating a Cu4S core similar to that of PnN2OR. These also show no significant shift in the
energy positions of the three peaks in 18O buffer.
The rR spectra of the two enzymes at high pH (excited at 600 nm and 620 nm for PnN2OR and
AcN2OR respectively) are presented in Figure 4C,D. Importantly, in the case of PnN2OR, the
415 cm−1 band disappears, and another peak with lower intensity is present at 424 cm−1 (Figure
4C). The rR profiles of the 415 cm−1 (low pH) and 424 cm−1 (high pH) vibrations are the same
(vide infra), indicating that the corresponding vibrations are of similar origin. Thus, the 415
cm−1 peak at low pH shifts to 424 cm−1 at high pH. In the case of AcN2OR, the peak at 415
cm−1 has lost essentially all of its intensity at high pH, however no new rR vibration is observed
(Figure 4D).
For PnN2OR, 18O data obtained at high pH show a significant 9 cm−1 shift of the 424cm−1
peak to 415 cm−1. The calculated 18O/16O shift for a mode with pure oxygen motion at this
frequency is 24 cm−1. Thus, the 9 cm−1 18O/16O shift indicates the presence of significant Cu-
O character in the 424 cm−1 vibrational mode at high pH. At low pH there is no 18O isotope
shift, thus this mode is mainly Cu-S in nature. The loss of rR enhancement of the 415 cm−1
mode in AcN2OR at high pH (Figure 4D) may be a result of it having even higher Cu-O (relative
to Cu-S) stretching character mixed in which would further decrease its resonance enhancement
from a S-Cu CT transition.
(b) Profiles: The excitation profiles of the three dominant vibrations (366, 385/386 and 415
cm−1), of both enzymes at low pH, overlaid with the absorption spectra with Gaussian fits
(from absorption and MCD) are shown in Figure 5 A,B. As reported earlier, for PnN2OR, the
415 cm−1 mode mainly profiles band 7.26 The 366 and 386 cm−1 vibrations are mainly
resonance enhanced by bands 5 and 6 of the absorption spectrum (Figure 5A). As mentioned
in Section 3.1.1, the intensity pattern of the CT bands in the two enzymes is somewhat different.
In the case of AcN2OR, band 5 is the most intense, which is also reflected in the excitation
profile (Figure 5B).
For AcN2OR, the vibrations at 366 and 385 cm−1 mainly profile absorption band 5 and weakly
band 6 and the 415 cm−1 vibration mainly profiles absorption bands 6 and 7. Since these
vibrations are Cu-S stretches,20 this supports the assignment of all three absorption bands as
electronic transitions with substantial S-Cu CT character.
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The rR profiles of the enzymes at high pH are presented in Figure 5C, D. For PnN2OR, the rR
profile at high pH is similar to that of low pH (Figure 5A,C), but with the 424 cm−1 band (at
high pH) having the same profile as the 415 cm−1 at low pH. The intensity of the 424 cm−1
vibration is much weaker than that of the 415 cm−1 vibration at low pH. For AcN2OR, at high
pH, the vibrations at 366 and 385 cm−1 mainly profile with absorption band 5 and 6. The 385
cm−1 mode appears weakly enhanced by absorption band 7.
(c) pKa: The pKa of the one-hole form (1CuII/3CuI) of PnN2OR and AcN2OR were determined
by plotting the relative rR intensities of the 415 cm−1 peak (which decreased in intensity with
increasing pH) and 424 cm−1 peak (which increased in intensity with increasing pH) for
PnN2OR and the decreasing intensity of the 415 cm−1 peak for AcN2OR with increasing pH
(it lacks the 424 cm−1 peak at high pH) over a pH range of 7–11 (Figure 6). The pKa for both
enzymes was found to be ~9.2 (pKa = 9.2±0.3 for PnN2OR and 9.2 ± 0.4 for AcN2OR). The
pH-dependent rR data for both enzymes are provided in Figure S3.
3.1.4. S K-edges—Figure 7 shows a comparison of the normalized S K-edge spectra of
AcN2OR at pH 6.0 and 10. The spectra are essentially identical in both the rising edge region
and the pre-edge region (expanded scale inset at 2469.2 eV). The energy of the pre-edge
transition is very sensitive to the molecular environment of the μ4-sulfide. The fact that the
pre-edge does not change in intensity or energy between low and high pH indicates that
protonation of the bridging sulfide does not occur at low pH. Protonation would stabilize the
1s orbital of the μ4-sulfide and shift the pre-edge transition (S 1s→β-LUMO), to higher energy.
The similar pre-edge intensity at both pHs indicates that the Cu-S covalency is unchanged.
However, the S contribution to the β-spin LUMO cannot be quantitatively determined from
the pre-edge intensity due to the errors associated with the large renormalization factor (32 S
atoms contribute to the edge transition, while only one, μ4-S of CuZ, contributes to the pre-
edge feature)50 and the incomplete Cu- and sulfide-loading in the protein.
To summarize the experimental data, from rR spectroscopy, we observe that the 415 cm−1
vibration at low pH has dominant S character (from the 34S isotope shift)20 and no O character
(lack of an 18O isotope shift). Upon increasing the pH, this vibration shifts to higher energy,
its resonance enhancement is decreased and it now shows a 9 cm−1 18O isotope shift, indicating
significant Cu-O stretching character. This strongly suggests the presence of a OH− ligand in
the CuICuIV edge of CuZ at high pH. From the absorption and MCD spectra of PnN2OR and
AcN2OR at both high and low pHs, there is no significant change in the ligand field (LF). The
EPR data at high and low pHs indicate that the SD distribution remains unperturbed over the
pH transition. These results argue against a significant change in the edge ligand with pH. The
S K-edge XAS data have identical pre-edge energies and intensities between the high and low
pH forms suggesting that the μ4-sulfide is not protonated in the one-hole form of the enzyme.
Thus we conclude that the μ4-sulfide and OH− edge ligands remain preserved at low pH. We
suggest that a conserved lysine residue that is at H-bonding distance to the edge ligand (~3–
4Å) (Figure 1), is protonated with a pKa of ~9.2, producing the observed pH effect. This is
evaluated using DFT calculations below.
3.2. Computational
DFT calculations were used to obtain a detailed description of the 1CuII/3CuI state wave
function (single unpaired electron, spin doublet) of the CuZ cluster of N2OR in terms of how
it is perturbed by different protonations. The geometric and electronic structures of the CuZ
complexes with H2O and OH− (Figure 8) were evaluated to assess the influence of these ligands
on the wave function and spectroscopic properties of the CuZ cluster. In the reported N2OR
structures, the Cu4S core of the CuZ center has approximate Cs symmetry with the CuI-S-
CuII angle (~160°) defining the mirror plane. The other Cu-S-Cu angles are close to 90°. The
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experimental Cu-S distances are in the 2.15–2.35 Å range with the CuI-S bond being the
longest.3–7 These structural features of the CuZ cluster are reproduced in the DFT calculations
(Table S1).
In the [Cu4S(im)7(OH2)]3+ species (Figures 8A and S1A), the water ligand is bound to only
one copper atom, CuI.32 The weak CuZ-OH2 bond with a distance of 2.23 Å and a bond order
BOCuI-O of 0.16 derives mostly from orbital interactions of the water ligand electron lone pair
with the unoccupied CuI 4s orbital.32 As a result, the α- and β-spin components of the bond
order BOCuI-O are equal (0.08, Table S2). If the lysine residue near the CuICuIV edge is absent
or non-charged (-NH2 tail group), the OH− ligand occupies a bridging position between the
CuI and CuIV atoms (Figures 8B,D and S1B,D). This bridging binding mode has been recently
reported for a CuZ complex with iodide in the X-ray structure of AcN2OR.7 The bond orders
BOCuI-O and BOCuIV-O are 0.56 and 0.38 respectively (Table S2), indicating a stronger covalent
coupling between CuI and OH−. The α- and β-spin components of the bond orders for the
CuZ–OH− interaction (Table S2) indicate that the OH− ligand binding involves charge donation
to Cu 4s,4p orbitals and, to a lesser degree, the unoccupied β-spin Cu 3d orbital. However, as
shown below, H-bonding between the OH− ligand and the protonated lysine residue can
influence the binding position of the OH− ligand at the CuICuIV edge.
The ground state wave function and spin distribution in the CuZ cluster is influenced by the
CuICuIV edge ligand (see below). In the CuZ cluster, CuI has the highest coordination number
(CN) of 4 while the other Cu atoms have CNs of 2 and 3. In [Cu4S(im)7(OH)]2+, the valence
indices46 (Table S1) of the copper atoms are 2.20 (CuI), 1.96 (CuII), 1.90 (CuIII) and 1.87
(CuIV). Since CuI has a stronger LF, as reflected by its atomic valence, it carries a higher charge
and the unpaired electron is mostly-localized on this copper atom (31.5%, Table 3).
In [Cu4S(im)7(OH2)]3+, the valence indices (Table S1) of the copper atoms are 1.96 (CuI), 2.12
(CuII), 2.26 (CuIII) and 1.85 (CuIV). Since CuIV has the weakest LF, it carries only less than
4% SD, and CuI, CuII and CuIII have SD of 16–19% each. Thus, the conversion from L=H2O
to L=OH− should cause a noticeable change of the SD of the cluster (Table 3) which is not
observed experimentally (Section 3.1). Such a change in the ground state wave function should
also cause substantial change in the absorption spectrum of the CuZ cluster, especially in LF
transitions as observed in TD-DFT-calculated absorption spectra of [Cu4S(im)7(OH2)]3+ and
[Cu4S(im)7(OH)]2+ (Figure 9). However, the absorption features of CuZ in the protein at low
and high pH are very similar (Figures 2, S4). This observation argues that the protonation
process with a pKa of 9.2 is not associated with the transformation of the edge ligand between
H2O and OH−. Since the rR data provide strong evidence of OH− binding to the CuZ cluster
at high pH, the small changes in the absorption and EPR features of the CuZ cluster indicate
that the OH− ligand at the CuICuIV edge remains preserved at low pH.
Harmonic frequency calculations were performed to estimate vibrational frequencies of the
CuZ species [Cu4S(im)7(OH)]2+ and evaluate 34S and 18O isotope shifts of vibrational bands.
The calculated data for the CuZ cluster are summarized in Figure 10. The vibrational modes
of the Cu4S cluster involve four Cu-S based stretching modes: two in-plane modes from CuI-
S/CuII-S vibrations (both symmetric, assuming Cs symmetry for the Cu4S cluster) and two out-
of-plane modes, one symmetric combination of the CuIII-S/CuIV-S stretches, and the other the
antisymmetric combination of the CuIII-S/CuIV-S stretches. Given the low symmetry of the
Cu4S cluster, this normal mode classification becomes somewhat approximate but still remains
helpful. The Cu-S vibrational bands occur at 360–440 cm−1 (Figure 4) and shift to lower
frequencies upon 34S isotope labeling.20 However, they can kinematically couple with other
metal-ligand vibrational bands such as Cu-imidazole and Cu-L (L=edge ligand) bands (Table
S3) because the latter are also present in the low-frequency region of the vibrational spectrum
and have force constants similar to those for the Cu-S stretching bands. The kinematic coupling
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between the Cu-S and Cu-OH− bands for the [Cu4S(im)7(OH)]2+ complex (Figure 10) is strong
and the corresponding vibrations exhibit pronounced 34S and 18O isotope shifts. This is
consistent with the experimental data (Section 3.1) that indicate that at high pH the rR bands
with mostly Cu-S character show a 9 cm−1 18O isotope shift for the 424 cm−1 band of
PnN2OR. Note that if the OH− is replaced by H2O, the Cu-OH2 frequency is greatly lowered
and does not mix with the Cu-S core vibrations. (Table S4)
In the rR spectra of N2ORs at low pH, three vibrational bands with significant Cu-S character
have been identified at 366, 385/386 and 415 cm−1 with 34S isotope shifts of −2, −6 and −7
cm−1, respectively, 20 and no detectable 18O isotope shifts. This indicates that, in going from
high pH to low pH, the position of the OH− ligand of the CuZ cluster is perturbed and the
kinematic coupling between the Cu-S and Cu-OH− bands is disrupted. Such a change can be
caused by the strong non-covalent interaction between the OH− ligand and the protonated lysine
residue nearby. When the lysine residue is protonated, the proton of the –NH3+ tail of the lysine
functions as an H-bond donor to the OH− ligand (the Nlys-OOH distance is 2.90Å) causing the
ligand to move away from the CuIV atom (ΔdCuIV-O=+1.25Å) and closer to the lysine -NH3+
group (Table 3, Figures 8C and S1C). However, since the SD on the CuIV atom in [Cu4S
(im)7(OH)]2+ is only 10% (Table 3), this change in the OH− ligand position does not
significantly perturb the ground state wave function. Consequently, the SD distribution in the
CuZ cluster remains similar to that when the OH− ligand occupied the bridging position at the
CuICuIV edge (Table 3).
We also applied TD-DFT to probe the effect of possible protonation of the μ4-S ion on the
absorption spectrum of the CuZ cluster at low pH (the [Cu4SH(im)7(OH2)]4+ species, Figure
9, geometry optimized structure in Figure S6)51 as has been considered in Ref. 28. The
calculated spectrum is very different from the spectra of the non-protonated CuZ species
(Figure 9). The most pronounced spectral charge is the disappearance of the strong CT bands
near 15600 cm−1 due to the stabilization of the μ4-S occupied orbitals and the significant blue
shift of the corresponding S-Cu CT excitations. This is not observed experimentally. Combined
with the fact that there is no change in the S K-edge spectrum of the protein at low pH (Section
3.1.4), this provides strong evidence that the small spectral changes observed upon pH variation
in N2ORs do not involve protonation of the μ4-sulfide of the CuZ cluster.
3.3. Kinetics
The rate of reduction of the resting one-hole (1CuII/3CuI) form of PnN2OR to the fully reduced
active form in the presence of 500-fold excess of reduced MV was measured at different pHs
(Figure 11). The amount of one-hole CuZ was determined from the intensity of the CuZ EPR
signal. The rate of reduction decreased with increase in pH. The rates have been simulated
using a single exponential decay which gives low pH limit rate constant as 0.18 min−1 (pH 7)
and a high pH limit rate constant as 0.034 min−1 (pH 10.5).52 Thus the rates of reduction differ
by a factor of 5–6, on going from low to high pH, with a pKa of ~9.0±0.2 (Figure 11 inset).
4. DISCUSSION
A combination of various spectroscopic techniques and DFT calculations has provided insight
into the effect of pH on the geometric and electronic structure of the resting one-hole form of
the CuZ clusters in PnN2OR and AcN2OR and the possible contribution of protonation to the
rate determining step in turnover.
4.1. pH Effect
There is no observed change in the pre-edge energy and intensity of the S K-edge spectra of
the one-hole form of AcN2OR at low and high pHs, implying that there is no protonation of
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the bridging μ4-sulfide at low pH. The TD-DFT-calculated spectrum of the μ4-sulfide form is
in good agreement with the experimental absorption spectrum. However, it is significantly
different from that of the spectrum of the μ4-SH− form, [Cu4SH(im)7(OH2)]4+. These results
eliminate the possibility of a μ4-sulfide protonation of the CuZ cluster at low pH.
The rR data of PnN2OR at high pH shows that the 415 cm−1 Cu-S stretching vibration shifts
to higher frequency, loses intensity and now shows a 9 cm−1 18O shift, while the 415 cm−1
band in AcN2OR loses all intensity at high pH. This implies significant Cu-O stretching
character mixed into this high frequency mode, indicating the presence of a OH− ligand bound
at the edge. These experimental results at high pH are also supported by DFT calculations
which show that the kinematic coupling between the Cu-S and Cu-OH− modes for the [Cu4S
(im)7(OH)]2+ complex is strong, resulting in pronounced 34S and 18O isotope shifts of the
vibrational frequencies. In contrast, the absorption, MCD and EPR spectra of the enzymes at
both low and high pH do not detect significant perturbations of the ground state wave function.
DFT calculated spin densities and the TD-DFT calculated absorption spectra of the enzyme
with H2O as the edge ligand are very different than the spectra of OH− as the edge ligand,
implying that the CuICuIV edge ligand remains OH− in the low pH region.
The rR spectrum at low pH are significantly different from the high pH rR spectrum. The 415
cm−1 vibration in the low pH form has dominant Cu-S character (from its 34S isotope shift)
20 and no Cu-O character (lack of an 18O isotope shift), reflecting that the Cu-S vibration
coupling to the OH− ligand is perturbed in the pH transition. We propose that a highly conserved
lysine residue, which is at the H-bonding distance from the edge ligand, is protonated at
physiological pH (pKa of ~9.2), which results in a change in the position of the OH− ligand.
DFT calculations, which include the lysine residue near the CuICuIV edge support this model,
since the calculations yield a similar SD distribution for the CuZ cluster (as observed in
absorption, MCD and EPR data), but different orientations of the OH− ligand (which would
lead to a different vibrational coupling in the rR spectrum) between protonated and
deprotonated lysine forms (Figure 8C,D). Thus, the observed pH-dependent spectroscopic
changes are most reasonably assigned to a protonation of the lysine residue near the
CuICuIV edge of the CuZ cluster leading to its H-bonding to the OH− ligand of CuZ (Scheme
1A).
4.2. Differences in the protein sites of PnN2OR and AcN2OR
There are some resolvable spectral differences between PnN2OR and AcN2OR. The g// and
g⊥ values of AcN2OR are smaller than PnN2OR (Table 2) and the unpaired electron is more
delocalized in CuZ of AcN2OR (ratio of spin distribution on two Cu atoms is 3:2 compared to
5:2 for PnN2OR from EPR spectroscopy). All the CT and LF bands are blue-shifted in
AcN2OR. Also band 5 in AcN2OR gains intensity, as reflected in its absorption, MCD and rR
profile data, compared to PnN2OR. Interestingly, the IT band (band 2, Figure 2) in PnN2OR
is more intense than that in AcN2OR. These differences between the two enzymes are consistent
with the presence of an additional or more strongly bound edge ligand in AcN2OR, as is
reported in its crystal structure (Figure 1B).7 An additional/stronger ligand near CuIV would
increase the SD on CuIV (due to the stronger LF), and will lead to enhanced S pz′ (oriented
along the CuIIICuIV vector, Figure S2) mixing into the β-LUMO, which would be consistent
with the enhanced intensity of band 5 (electron excitation from the occupied MO with the S
pz′ character to the β-LUMO, Table 1) in AcN2OR. The IT transition reflects the coupling and
electron delocalization between CuI and CuII, mediated by the bridging sulfide via the CuI-S-
CuII σ-σ superexchange pathway.26 A higher SD on CuIV would lead to a lower SD on CuII
and thus a lower intensity of the IT band in AcN2OR. An additional or more strongly bound
edge ligand would also lead to an increased LF in AcN2OR as is reflected from the blue-shifted
transition energies and the lower EPR g value.
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4.3. Relevance to Reactivity
Our past studies indicate that the one-hole (1CuII/3CuI) form of the CuZ cluster must be reduced
to the 4CuI form to be catalytically active.30,31 The slow rate of reduction of the resting
CuZ center (0.18 min−1 at pH 7) is much slower than the turnover rate (~103 sec−1 for
PnN2OR at optimum pH of ~8). However, it is important to note that the reducing agent, MV,
is not the physiological reductant of the enzyme. The experimental rate of reduction decreases
with increase in pH, by a factor of 5–6, with a pKa of 9.0±0.2 (Figure 11), which is close to
the pKa we suggest to be associated with the lysine residue near the CuICuIV binding site. The
protonated form of lysine can tune the redox potential of CuZ, making it more positive, and
accelerate the reduction rate of the CuZ cluster.
In Ref. 32, we have calculated that the barrier (ΔG‡) for the direct cleavage of the N-O bond
for [Cu4S(im)7N2O]2+ is 18 kcal mol−1.32 In the transition state, an electron is transferred from
the CuZ cluster to N2O, activating the oxygen atom of the N2O ligand for protonation. The
protonated lysine residue near the edge could further lower this activation barrier.
Computationally, the barrier for N-O bond cleavage decreases to 9 kcal mol−1 with an acidic
H-bond donor. The calculated free energy for the protonated cleavage product in the reaction
mechanism generating [Cu4S(im)7(OH)]3+ with 2CuII is −28.8 kcal mol−1 (Scheme 2).32 The
reduction of the hydroxo species is energetically favorable, (ΔG = −29.6 kcal mol−1 for an
e− from CuA) generating the corresponding one-hole hydroxo form [Cu4S(im)7(OH)]2+. The
proton coupled reduction of this form to the fully reduced form can be lowered by protonation
of the lysine residue at low pH. The calculated free energy for this step is −5.8 kcal mol−1
(Scheme 2).
SUMMARY
We have determined that the CuICuIV edge ligand of the one-hole state of N2OR is OH− in
both the low pH (active) and high pH (inactive) forms. Also the μ4-sulfide of CuZ remains
deprotonated at low pH. The observed pH effect likely reflects a neighboring lysine residue,
which can H-bond with the edge ligand at low pH. The protonated form of this lysine can
increase the redox potential of CuZ and provide a proton to lower the barrier of the N-O bond
cleavage and drive the reduction of the one-hole CuZ to the catalytically active fully-reduced
form in the reaction cycle.
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Figure 1.
Crystal structures of A) PnN2OR (PDB code 1QNI)3 and B) AcN2OR (PDB code 2IWF)7
showing the CuZ cluster, the O atoms of the edge ligands, and the lysine residue near the cluster.
The protonation states of the edge ligands cannot be assigned from the X-ray data.
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Figure 2.
Optical spectra of dithionite-reduced CuZ: (A) PnN2OR pH 10.5,10K Absorption, (B)
PnN2OR pH 10.5, 5K, 7T MCD (C) AcN2OR pH 6,10K Absorption, (D) AcN2OR pH 6, 5K,
7T MCD, (E) AcN2OR pH 10.5,10K Absorption, (F) AcN2OR pH 10.5, 5K, 7T MCD.
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Figure 3.
Experimental (lower) and simulated (upper) EPR spectra of CuZ: (A) Q band, PnN2OR, pH
10.5, (B) X band, PnN2OR, pH 10.5, (C) Q band, AcN2OR, pH 6, (D) X band, AcN2OR, pH
6. (E) Q band, AcN2OR, pH 10.5, (F) X band, AcN2OR, pH 10.5. EPR spectra were collected
at 77K, and 10mW power.
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Figure 4.
Resonance Raman spectrum of CuZ from (A) PnN2OR at pH 7, excited at 600nm. Ref. 26
showed PnN2OR at pH 7 (16O buffer), excited at 624.4nm (B) AcN2OR at pH 7, excited at
620nm. (C) PnN2OR at pH 10.5, excited at 600nm and (D) AcN2OR at pH 10.5, excited at
620nm. Dotted lines (˙˙˙˙) present data in 18O, and bold lines (—) data in 16O buffer. All data
were collected at 77K. Y axes (A, B, C) are normalized to the 18O independent 386 cm−1
(PnN2OR) peak and the 385 cm−1 (AcN2OR) peak. The 18O data have been offset relative to
the 16O data. Note that data were not collected for 18O samples of AcN2OR at pH 10.5 since
the 415 cm−1 or an equivalent mode was unobserved.
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Figure 5.
The CuZ resonance Raman excitation profiles overlaid on the CuZ absorption spectrum (solid
line) with Gaussian fits (dotted lines) and band numbers : A) PnN2OR, pH 7.0 (adapted from
Ref. 26) B) AcN2OR, pH 6.0, C) PnN2OR, pH 10.5, D) AcN2OR, pH 10.5.
Ghosh et al. Page 18
J Am Chem Soc. Author manuscript; available in PMC 2008 December 8.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 6.
The pKa plots for PnN2OR determined from the relative intensities of the 415 to 424 cm−1
peaks excited at 600 nm (green) and AcN2OR determined from the relative intensities of the
415 to 385 cm−1 peaks excited at 620 nm (red).
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Figure 7.
Normalized S K-edge spectra of AcN2OR at pH 6 and 10, and an expansion of the pre-edge
region (inset). Note the weak pre-edge feature at ~2470 eV corresponds to the presence of a
small amount of oxidized CuA.
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Figure 8.
The optimized structures of (A) [Cu4S(im)7(OH2)]3+ and (B) [Cu4S(im)7(OH)]2+ (adapted
from Ref. 32) and (C) [Cu4S(im)7(OH)]2+ with Lys and (D) [Cu4S(im)7(OH)]2+ with LysH+.
See Figure S1 for complete structures.
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Figure 9.
TD-DFT calculated absorption spectra of [Cu4S(im)7(OH2)]3+ (blue line), [Cu4S
(im)7(OH)]2+ (red line) and [Cu4SH(im)7(OH2)]4+ (black line).
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Figure 10.
Calculated Cu-S and Cu-OH normal modes of [Cu4S(im)7(OH)]2+. The arrows indicate atomic
displacements and band frequencies (cm−1) and 34S and 18O isotope shifts (cm−1) are shown
in black, blue and red, respectively. The Cu-S and Cu-O bond length distortions for these bands
are given in Table S3. The bands with significant imidazole displacement contributions are
indicated by imz.
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Figure 11.
The rates of reduction of PnN2OR at different pHs (red pH 7.0, orange pH 8.2, pink pH 9.0,
green pH 9.5, light blue pH 10.0, blue pH 10.5). Inset: determination of pKa = 9.0±0.2
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Scheme 1.
pH effect in (A) PnN2OR and (B) AcN2OR.
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Scheme 2.
Reaction mechanism for N2O reduction by the CuZ cluster (energies in kcal mol−1).
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